Abstract: Concise and efficient syntheses of D-lyxo-phytosphingosine and pachastrissamine were achieved utilizing a chiral oxazine. The key features in these strategies are the stereoselective intramolecular oxazine formation catalyzed by palladium(0), and intermolecular olefin cross-metathesis.
The sphingolipids are distributed ubiquitously in the membranes of eukaryotic cells and have been demonstrated to regulate biological processes.
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One of the most important sphingolipids, phytosphingosines, have been widely distributed in plants, fungi, yeasts, mammalian tissues, and marine organism. They consist of a base, bearing a long aliphatic chain (an 18-carbon atom) and a polar 2-amino-1,3,4-triol head group. Phytosphingosines and their glycosylated derivatives exhibit significant immunostimulatory and antitumor properties. 2, 3 Phytosphingosines with other chain lengths, as well as different stereochemistries of the amino and hydroxy groups, are also known and bioactive to various degrees. 4 Because of its promising biological activities and its three contiguous stereocenters, much effort has been devoted to the development of the syntheses of D-lyxo-phytosphingosine (1) (see Figure 1 ) and other stereoisomers, such as D-lyxo-, Dxylo-and D-arabino-phytosphingosine. 5, 6 (+)-Pachastrissamine (2) (see Figure 1 ), a potent cytotoxic agent possessing a tetrahydrofuran skeleton, was isolated from the Okinawa marine sponge, Pachastrissa sp. (family calthropellidae), by Higa et al. in 2002. 7 Subsequently, the Debitus research group reported the isolation of the same natural product from a different marine sponge, Jaspis sp., and named as jaspine B. 8 Pachastrissamine 2 represents the first example of a cyclic anhydrosphingosine structural feature as a natural product. It was reported to possess the 2S,3S,4S absolute configuration and is structurally similar to that of the open chain sphingolipid Dribo-phytosphingosine. A number of synthetic approaches 6a, 9, 10 have been reported due to its novel tetrahydrofuran structure and its promising biological activity.
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On the basis of our previous research, 12 as shown in Scheme 1, we anticipated that the palladium(0)-catalyzed oxazine formation of a γ-allyl benzamide, having a benzoyl substituent as an N-protection group in the presence of Pd(PPh 3 ) 4 , NaH, and n-Bu 4 NI might proceed with high stereoselectivity. The bulkiness of protecting group on the secondary alcohols is responsible for controlling the diastereoselectivity of oxazine ring formation. This process efficiently adjusted stereochemistry and provided simultaneous protection for the nearly generated hydroxy group.
As shown in Scheme 2, our retrosynthetic analysis suggested that D-lyxo-phytosphingosine (1) and pachastrissamine (2) could be easily synthesized from N-Boc triol 3. N-Boc triol 3 could be synthesized by ring cleavage of oxazine under Schotten-Baumann reaction of 4e. We envisioned that the intramolecular palladium(0)-catalyzed oxazine formation of benzamide 5e would generate the oxazine 4e, bearing a pendant vinyl group, that could be elaborated to the alkene via an olefin cross-metathesis reaction.
Scheme 2 Retrosyntheses of D-lyxo-phytosphingosine (1) and pachastrissamine (2)
In our laboratory, we have been exploring the utility of enantiopure oxazine, as a chiral building block, for the stereocontrolled synthesis of natural products. 12, 13 As part of this program, we have now developed a novel strategy for concise syntheses of D-lyxo-phytosphingosine (1) and pachastrissamine (2). Here we describe the novel asymmetric syntheses of D-lyxo-phytosphingosine (1) and pachastrissamine (2) that utilize an oxazine as a chiral building block. The synthesis of 1 and 2, commenced with N-benzoyl-Lserine methyl ester (6) .
12
Treatment of 6 with N,O-dimethylhydroxylamine in the presence of trimethylaluminum readily converted the ester 6 into the corresponding Weinreb amide in 94% yield. Reaction of this Weinreb amide with vinyltin and MeLi in THF at -78°C gave the α,β-unsaturated ketone 7 in 86% yield (Scheme 3). Chelation-controlled hydride reduction of amino ketone 7 with lithium tri-tert-butoxyaluminum hydride in ethanol at -78°C gave anti-amino alcohol as the major compound in good yield with excellent stereoselectivity (anti/syn = 10:1, as determined by 1 H NMR analysis). Protection of anti-amino alcohol with TBSCl afforded the cyclization precursor 5e in excellent yield (Scheme 3).
Different cyclization precursors 5a-e were simply prepared under the reaction conditions shown in Table 1 . The reaction of 5e, which has tert-butyldimethylsilyl as the protecting group, with NaH and n-Bu 4 NI in the presence of Pd(PPh 3 ) 4 in THF at 0 °C afforded the anti,syn-oxazine 4e as the major product along with a minor amount of anti,anti-oxazine product 4e′. The diastereoselectivity was improved to >30:1 with TBS protecting group on the secondary alcohol. It is clear from this experiment that steric bulkiness of the protecting group highly influences the level of diastereoselectivity ( Table 2 ).
The stereochemistries of the oxazines obtained above were elucidated by 1 H NMR spectroscopy. The relative configuration of each diastereomer of the oxazine products, obtained after the silica gel column separation, was determined by a comparison of their coupling constants (Figure 2 ). The small coupling constant of J 5,6 = 4.0 Hz, as in anti,syn-oxazine 4e, was caused by the axial-equatorial relationship between the two adjacent protons in sixmembered rings. The large coupling constant of J 5,6 = 8.8 Hz, as in anti,anti-oxazine 4e′, was typically due to the diaxial relationship between the two adjacent protons in sixmembered rings. In addition, the coupling constant of the newly generated chiral center (H 5 -H 6 ) of 4e has similar values of 2.5-4.0 Hz, when compared to those of the previously reported syn,syn-oxazine compounds.
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In contrast, the coupling constant of the newly generated chiral center (H 5 -H 6 ) of 4e′ has the same values of 7.5-9.0 Hz, as the syn,anti-isomer. The assignment of relative configuration was confirmed by observation of the larger NOE enhancement for anti,syn-oxazine 4e and anti,anti-oxazine 4e′ as shown in Figure 3 . In the anti,syn-oxazine case, for compound 4e: there are 9.60% NOE between H 5 and H 6 The final product 1 was easily obtained by a simple acid hydrolysis with trifluoroacetic acid-water (20:1) of NBoc-triol 3. After vacuum evaporation of excess TFA, neutralization with aqueous NaHCO 3 and extraction with EtOAc, D-lyxo-phytosphingosine (1) was isolated in 92% yield, by flash chromatography on silica gel. Optical and spectroscopic data were in excellent agreement with those reported in the literature. A previous paper from our laboratory described 12 a new procedure for the highly stereoselective formation of an oxazine ring. Further, the bulkiness of alcohol protecting groups predominantly controls the diastereoselectivity of oxazine ring formation. On the basis of these results, we applied the asymmetric synthetic method of D-lyxo-phytosphingosine (1) and pachastrissamine (2) utilizing the chiral oxazine 4e. The key features in these strategies are the stereoselective intramolecular oxazine formation catalyzed by palladium(0) and intermolecular olefin crossmetathesis. The net results were the syntheses from a linear sequence of five steps from 6 in 27.0% overall yield for N-Boc triol 3, which has previously been transformed to pachastrissamine (2) in three steps, 15 and to D-lyxo-phytosphingosine (1) in 24.8% overall yield in six steps .
Optical rotations were measured on a polarimeter in the solvent specified.
1 H and 13 C NMR spectra were obtained from Cooperative Center for Research Facilities in Sungkyunkwan University on FT-NMR 125 or 500 MHz spectrometers. Chemical shifts values are reported in parts per million relative to TMS or CDCl 3 as an internal standard and coupling constants in hertz. IR spectra were recorded on a FTIR spectrometer. Mass spectral data were obtained from the Korea Basic Science Institute (Daegu) on Jeol JMS 700 high-resolution mass spectrometer. Flash chromatography was carried out using mixtures of EtOAc and hexane as eluents. Unless otherwise noted, all nonaqueous reactions were done under an argon atmosphere with commercial grade reagents and solvents. THF was distilled over Na and benzophenone (indicator). CH 2 Cl 2 was distilled from CaH 2 . 96 mmol) in CH 2 Cl 2 (5 mL) was added dropwise. The mixture was stirred at r.t. for 1 h, after which time TLC analysis (eluent: EtOAc-hexanes, 1:2) indicated completion of the reaction. The reaction mixture was cooled to 0°C and carefully quenched with aq 10% sodium potassium tartrate (2.20 mL). After stirring for 1 h at r.t., the resulting suspension was filtered through a Celite pad and washed with CH 2 Cl 2 (20 mL). The filtrate was concentrated in vacuo to give the crude product, which upon purification by column chromatography on silica gel gave the corresponding Weinreb amide (987 mg, 91%) as a colorless oil; R f = 0. 
Conversion of the Weinreb Amide into the Amino Ketone 7:
Vinyltin (1.50 g, 4.09 mmol) was dissolved in anhyd THF (10 mL) and cooled to -78 °C. MeLi (1.6 M solution in hexane, 2.60 mL, 4.09 mmol) was added dropwise. The mixture was stirred for 30 min at the same temperature. Subsequently, a solution of the above Weinreb amide (0.50 g, 1.36 mmol) in anhyd THF (5 mL) was added dropwise and the stirring was allowed to continue for 30 min, after which time TLC analysis (eluent: EtOAc-hexanes, 1:2) indicated completion of the reaction. The reaction was quenched by sat. aq NH 4 Cl (10 mL) and then warmed to r.t. The layers were separated and the aqueous layer was extracted with EtOAc (2 × 20 mL). The combined organic layers were washed with sat. aq NaHCO 3 (20 mL), brine (20 mL), dried (MgSO 4 ), and filtered. The filtrate was concentrated in vacuo. The residue was purified by silica gel column chromatography to give the amino ketone 7 (447 mg, 86%) as a colorless oil; R f = 0.6 (EtOAc-hexanes, 1:2); -5.32, 18.28, 25.95, 42.97, 59.67, 63.28, 127.29, 127.46, 128.36, 128.88, 132.02, 134.16, 141.50, 167.13, 195. 
N-{(5R,6S)-5-[(E)-3-Chloroprop-1-enyl]
-2,2,3,3,9,9,10,10-octamethyl-4,8-dioxa-3,9-disilaundecan-6-yl}benzamide (5e) Intermediate Amino Alcohol: To a solution of the amino ketone 7 (365 mg, 0.96 mmol) in EtOH (10 mL) was added LiAlH(Ot-Bu) 3 (1 N solution in THF, 1.92 mL, 1.92 mmol) at -78°C. After stirring the reaction mixture at the same temperature for 2 h, 10% aq citric acid (10.00 mL) was added. The resulting mixture was warmed to r.t. and extracted with EtOAc (3 × 10 mL). The organic layers were combined, washed with brine (10 mL -5.38, -5.35, 18.30, 54.03, 63.38, 73.74, 127.17, 127.99, 128.80, 128.91, 131.98, 134.32, 134.41, 167.86 Formation of 5e: Imidazole (64 mg, 0.94 mmol) and tert-butyldimethylchlorosilane (141 mg, 0.94 mmol) were added to a stirred solution of the above alcohol (300 mg, 0.78 mmol) in DMF (8.0 mL) at r.t. And stirring for 6 h, the reaction mixture was quenched with H 2 O (8 mL), and extracted with EtOAc (2 × 15 mL). The combined organic layers were washed with brine (10 mL), dried (MgSO 4 ), and evaporated in vacuo. Purification by silica gel chromatography gave 5e (363 mg, 93%) as a colorless oil; R f = 0. -5.29, -5.09, -4.70, -3.84, 18.32, 18.42, 25.88, 26.05, 26.10, 31.17, 44.44, 55.46, 61.25, 72.20, 126.94, 128.18, 128.81, 131.63, 135.05, 135.45, 167. vinyl-5,6-dihydro-4H-1,3-oxazine (4e′) ; Typical Procedure NaH (321 mg, 8.03 mmol, 60% in mineral oil) and n-Bu 4 NI (1.48 g, 4.01 mmol) were added to a stirred solution of the silyl ether 5e (2.00 g, 4.01 mmol) in anhyd THF (80 mL) at 0°C. After stirring for 5 min, Pd(PPh 3 ) 4 (928 mg, 0.80 mmol) was added to the mixture and stirring was allowed to continue for 5 h at the same temperature. The reaction mixture was filtered through a pad of silica gel and the filtrate was evaporated under reduced pressure to give the crude product. Purification by silica gel chromatography gave a mixture of anti,syn/anti,anti 4e and 4e′ (1.20 g, 65%, ratio anti,syn/anti,anti >30:1 by 1 H NMR) as a colorless oil (Table 2) . -4.99, -4.51, -4.35, 18.27, 18.55, 26.00, 26.13, 26.27, 59.62, 64.13, 65.35, 75.93, 117.54, 127.62, 128.21, 130.59, 133.72, 133.79, 154. 4.40 (dd, J = 6.5, 8.5 Hz, 1 H), 5.38 (dt, J = 1.5, 10.5 Hz, 1 H), 5.53 (dt, J = 1.5, 17.5 Hz, 1 H), 6.03 (ddd, J = 6.5, 10.5, 17.5 Hz, 1 H), 3 H), 2 H) .
Oxazine Formation; (4S,5S,6S)-5-(tert-Butyldimethylsilyloxy)-4-[(tert-butyldimethylsilyloxy)methyl]-2-phenyl-6-vinyl-5,6-dihydro-4H-1,3-oxazine (4e) and (4S,5S,6R)-5-(tert-Butyldimethylsilyloxy)-4-[(tert-butyldimethylsilyloxy)methyl]-2-phenyl-6-
13 C NMR (125 MHz, CDCl 3 ): δ = - 5.05, -4.90, -4.20, -3.40, 18.39, 18.55, 26.05, 26.20, 62.80, 63.10, 66.28, 79.39, 119.10, 127.70, 128.19, 130.60, 133.21, 135.19, 154.70 
(4S,5S,6S)-5-(tert-Butyldimethylsilyloxy)-4-[(tert-butyldimethylsilyloxy)methyl]-2-phenyl-6-[(E)-tetradec-1-enyl]-5,6-dihydro-4H-1,3-oxazine (8)
To a solution of 4e (1.03 g, 2.24 mmol) in CH 2 Cl 2 (50 mL) was added tetradec-1-ene (1.24 mL, 4.48 mmol) and Grubbs II catalyst (95 mg, 0.11 mmol) at r.t. After stirring the reaction mixture for 8 h under reflux, the solvent was removed in vacuo to give the crude product (E/Z >20:1 by 1 H NMR). Column chromatography on silica gel gave pure 8 (1.33 g, 94%) as a colorless oil; R f = 0. 33, 22.91, 29.31, 29.49, 29.58, 29.72, 29.83, 29.88, 29.90, 29.92, 32.15, 32.59, 68.56, 68.71, 73.76, 75.47, 127.22, 128.47, 128.57, 128.65, 128.71, 131.77, 135. 
Conversion of the Diol into Carbamate 3:
A solution of the above diol (300 mg, 0.64 mmol) in a 3:2 mixture of hexane and MeOH (10 mL) was stirred at r.t. for 12 h under an atmosphere of H 2 in the presence of a catalytic quantity of 20% Pd(OH) 2 on charcoal (60 mg) and Boc 2 O (562 mg, 2.58 mmol). The catalyst was then removed by filtration through Celite, and the solvents were evaporated under reduced pressure. The resulting residue was purified by silica gel chromatography to afford Boc-carbamate 3 (235 mg, 75%) as a white solid; mp 131-133°C; R f = 0. 31, 22.90, 26.29, 28.54, 29.57, 29.76, 29.83, 29.87, 29.91, 32.14, 33.00, 53.72, 62.24, 69.91, 73.12, 80.63, 157. (2S,3S,4S)-2-Aminooctadecane-1,3,4-triol (D-lyxo-Phytosphingosine, 1) Triol 3 (26 mg, 0.06 mmol) was dissolved in CF 3 CO 2 H-H 2 O (20:1, 1.2 mL) and the solution was vigorously stirred at r.t. for 2 h. Excess CF 3 CO 2 H was removed under reduced pressure, the aqueous layer was neutralized with aq NaHCO 3 , and extracted with EtOAc (4 × 5 mL). The combined organic layers were dried (Na 2 SO 4 ) and evaporated at reduce pressure. The crude residue was purified by silica gel chromatography eluting with CHCl 3 -MeOH-NH 4 OH, 40:10:1 to afford 1 (18.2 mg, 92%) as a white solid; mp 104. 22, 22.88, 26.64, 29.56, 29.87, 29.93, 30.01, 30.17, 32.07, 34.48, 56.65, 63.63, 72.02, 74 
